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Sensor technology is becoming increasingly important to improve the quality of 
human life. Especially, various kinds of sensor technology have become essential 
due to increasing demand for smart mobile devices, automobiles and household 
appliances. Furthermore, as many types of sensors are installed on smart devices, it 
is more important to integrate different sensors in the IoT era. If multiple types of 
sensors are efficiently integrated with CMOS circuit on a single substrate, the 
footprint and power consumption could be reduced. Gas sensors are not only for 
detecting harmful gases, but also for improving indoor air quality and detecting 
diseases. The conventional resistor-type gas sensors have a simple structure and a 
simple manufacturing process, but they are large in size and have high power 
consumption. On the other hand, FET-type gas sensors can be fabricated very small 
in size and compatibly integrated with CMOS circuits, and they are easy to integrate 
with other types of sensors. In addition, built-in localized micro-heater can minimize 
power consumption of the FET-type gas sensors. 
In this dissertation, barometric pressure sensors and Si FET-type gas sensors are 
efficiently integrated on the same Si substrate using conventional MOSFET 
fabrication process. The barometric pressure sensors have built-in temperature 
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sensors to accurately measure the atmospheric pressure according to the ambient 
temperature. In addition, the FET-type gas sensor has a localized micro-heater 
capable of heating up to 124 ºC with a power of 4 mW. NO2 gas sensing is 
successfully achieved with this gas sensor. 
Air-gap with a depth of 2.5 μm are formed in the Si substrate and used as the 
cavity for the barometric pressure sensor and as an insulating layer for the FET-type 
gas sensor. In addition, poly-Si with Boron ion implantation is used as the piezo-
resistors of the barometric pressure sensor, the electrode of the temperature sensor, 
and the FG and micro-heater of the FET-type gas sensor at the same time. In this way, 
the barometric pressure sensors and the FET-type gas sensors are efficiently 
integrated using CMOS compatible fabrication process. 
The barometric pressure sensor has a built-in temperature sensor that can measure 
ambient temperature and atmospheric pressure at the same time. The measured 
atmospheric pressure varies with ambient temperature, but with a designed neural 
network, accurate atmospheric pressure can be obtained with an accuracy of 97.5 %. 
 
Keywords: Integration of sensors, Gas sensors, Barometric pressure sensors, 
Air-gap. 
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Chapter 1. Introduction 
 
1.1. Sensor technology 
1.1.1. Various types of sensors 
Various sensor technologies are applied in many industrial fields and they 
give great contributions to human life [1-13]. Sensor technologies are essential for 
climate prediction, medical diagnosis, altitude measurement, industrial safety, and 
air quality measurement [14-16]. Many types of sensors are installed in 
automobiles, medical devices, home appliances and smart devices. Especially, in 
the Internet of Things (IoT) era, research and development of highly sensitive and 
miniaturized sensors are constantly studied [17-26]. Accordingly, gyro sensors, 
gas sensors, pressure sensors, temperature sensors, and many other types of 
sensors are being studied [1-19], and new sensor technologies are being studied. 
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The demands of these sensor technologies are expected to increase, and the 
development of more sensitive, smaller and low power sensors are required. 
 
1.1.2. Conventional MEMS sensors 
Most sensors are fabricated using Micro Electro Mechanical System (MEMS) 
process technology. MEMS process technology has been widely applied in sensor 
fabrication. Economies of scale, the availability of high-quality materials and the 
ability to integrate electrical functions have expanded the field of Silicon MEMS 
sensor applications. MEMS sensors fabricated on Silicon (Si) substrates can be 
manufactured using semiconductor process technology, so they are inexpensive, 
highly compatible, and are easy for mass production [1-5, 13-17]. Most MEMS 
sensors are made by a general semiconductor process that makes the required 
shape through deposition, patterning through photolithography, and etching, and 
then normally post-processed [5-10, 13-17]. However, sensors fabricated by 
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MEMS process technology are large in size and not compatible with conventional 
Complementary Metal Oxide Semiconductor (CMOS) process technology [18-
20]. As MEMS process technology use many kinds of nano-materials and 
solutions that are not compatible with conventional CMOS process, so particle 
contamination or ion diffusion problems can easily occur [21-22]. Therefore, it is 
almost impossible to fabricate the CMOS circuits and MEMS sensors on the same 
Si substrate. In order to make sensors compatible with CMOS process technology, 
process design of sensors must be done with new structures and layout based on 
the conventional CMOS process technology. In addition, after finishing the 
backend of line process with CMOS process technology, post processed should be 
performed to prevent the contamination from nano-materials or sensing materials. 
When sensors are fabricated by CMOS process technology, various sensors and 
CMOS circuit can be easily integrated on Si substrate [24, 25]. As far as we know, 
no technology reported to effectively integrates several sensors and Metal Oxide 
Semiconductor Field Effect Transistor (MOSFET)s on the Si substrate using 
4 
 




1.2. Barometric Pressure Sensors 
1.2.1. MEMS barometric pressure sensors 
The barometric pressure sensors are used in many areas such as weather 
forecasting, altitude measurement and industrial measurement and the installation 
of barometric pressure sensors in automobiles and mobile devices is increasing 
[1-18]. The structure of the barometric pressure sensors and the pressure sensors 
are almost the same, and the principle of operation is also almost the same [1-16]. 
As MEMS based barometric pressure sensors have small size and good 
characteristics, they had replaced the conventional aneroid barometer. Most of 
MEMS barometric pressure sensors are fabricated by building a cavity under the 
Si substrate and sealing it [4-8]. The cavity can be built by back-side etching 
process of Si substrate or Potassium Hydroxide (KOH) wet solution etching 
process through the etching holes [1-12]. However, these methods require quite 
large area and process control is difficult as well. In addition, they are 
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incompatible with CMOS technology. The barometric pressure sensors fabricated 
by these MEMS processes have a pretty thick diaphragm, so the sensitivities of 
the sensors are relatively low [2-15]. Therefore, to improve the sensitivity of the 
MEMS barometric pressure sensors, large area diaphragms are required. 
 
1.2.2. Diaphragm of barometric pressure sensors 
Since Si diaphragm is easy to fabricate in the process, most MEMS 
barometric pressure sensors use Si diaphragm [1-13]. In addition, when ion 
impurities are implanted into Si, it can be easily obtained the piezo-resistance. 
Typical MEMS barometric sensors build a diaphragm with a thickness of 50 μm 
~ 200 μm through the back-side etching process of Si substrate [5-13]. Since the 
back-side etching process of Si substrate is difficult to detect the end-point of 
etching process, fabricated diaphragm is quite thick and its uniformity is bad. In 
addition, Si has a relatively larger Young’s modulus (130 GPa) than Young’s 
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modulus of Silicon Dioxide (SiO2) (66 GPa), so Si diaphragm shows a relatively 
smaller strain than SiO2 diaphragm at the same pressure (Table 1.1). To overcome 
these shortcomings, the area of MEMS barometric pressure sensors which has a 
Si diaphragm is typically over 1 mm2. 
Table 1.1 Comparison of mechanical properties of materials used in CMOS 
process technology. 
 Young’s modulus 
(GPa) 
Poisson’s ratio 
Si 130 0.22 
SiO2 66 0.17 
Si3N4 169 0.27 
 
 
1.2.3. Cavity in barometric pressure sensors 
MEMS barometric pressure sensors measure the pressure difference between 
the cavity and the ambient air pressure [5-9]. The cavity of sensors is typically 
sealed under low vacuum or atmospheric pressure [17-19]. Normally, Si substrate 
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of sensor is etched on the back-side and then sealed by glass bonding (Fig. 1.1 (a)) 
[1]. There is also the method of closing the etching hole after etching Si substrate 
using KOH solution (Fig. 1.1 (b)) [2]. Another method is to form a cavity with an 
isotropic etching process through many small-sized etching holes in Si, and then 
seal the Si etching holes through epitaxial growth of Si (Fig. 1.1 (c)) [3]. However, 
this method is rarely used because it is expensive and formed cavity is shallow 








Fig. 1.1 Various ways to form the cavity of the barometric pressure sensors. (a) 
Si substrate of sensor is etched on the back-side and then sealed by glass 
bonding [1], (b) closing the etching hole after etching Si substrate using KOH 
solution [2], (c) form a cavity with an isotropic etching process through many 
small-sized etching holes in Si, and then seal the Si etching holes through 
epitaxial growth of Si [3]. 
 
1.2.4. Types of barometric pressure sensors 
When the pressure between the ambient air pressure and the cavity changes, 





sequentially. There are two ways to read the deformation of diaphragm as an 
electrical signal. The one is capacitive-type (Fig. 1.2 (a)) [4] and the other is piezo-
resistive-type (Fig. 1.2 (b)) [3]. Table 1.2 shows the characteristics of each 
barometric pressure sensor. The capacitive-type is a method of reading the change 
in capacitance between electrodes due to changes in barometric pressure by 
placing each electrode on the bottom of the cavity and under the diaphragm [4, 16, 
20]. The capacitive-type has the disadvantage of requiring a very large area, but 
has better reliability than the piezo-resistive-type. The piezo-resistive-type reads 
the change of piezo-resistance of the piezo-resistor located on the diaphragm [1, 
3, 7-11, 17-19, 21, 23, 31, 32]. The piezo-resistor can be made by implanting high 
concentration of ions into Si or Polycrystalline Silicon (poly-Si). The piezo-
resistance change according to the ambient air pressure of the piezo-resistive-type 
pressure sensor is amplified and read by the Wheatstone bridge circuit composed 
of the piezo-resistors [1, 3, 7-11]. Since the piezo-resistive-type has a small size 
and high sensitivity, the currently widely used MEMS barometric pressure sensor 
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is the piezo-resistive-type. 
 
Fig. 1.2 (a) Capacitive-type barometric pressure sensor [4], (b) piezo-resistive-
type barometric pressure sensor [3]. 
 
Table 1.2 Comparison of characteristics between capacitive-type barometric 
pressure sensor and piezo-resistive-type barometric pressure sensor. 





Piezo-resistive effect of 
electrodes 
Advantages More reliable Small in size, High 
sensitivity 






1.3. Gas Sensors 
1.3.1. Resistor-type gas sensors 
Gas sensors are widely used in air quality measurement, medical diagnosis 
and industrial safety. In addition, the mounting of gas sensors in household 
appliances and mobile devices is increasing. Therefore, research and study on gas 
sensors has been actively conducted, and several types of gas sensors have 
attracted attention. The most commonly used and studied type is the resistor-type 
gas sensors [6, 33-54]. The resistor-type gas sensors read the change in the 
resistance of the sensor when exposed to the target gases. In order to obtain a 
proper operating temperature to detect the target gas, the resistor-type gas sensors 
usually have a built-in heater [26, 43-44]. The resistor-type gas sensors have the 
advantages of simple structure (Fig. 1.3) [5] and easy to fabricate. Most resistor-
type gas sensors are simply fabricated using MEMS process technology [33-54]. 
Thanks to these advantages, it is easy to apply various sensing materials, such as 
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carbon nano-materials [37-39], semiconducting metal oxides [5, 20] and transition 
metal dichalcogenides [33-36], to the resistor-type gas sensors. Besides, in order 
to improve the sensitivity of the resistor-type gas sensors, researches on the 
morphology and chemical functionalization of the sensing materials are being 
studied [36, 37]. However, these resistor-type gas sensors require a large area and 
a large amount of current to obtain the sensing material at the operating 
temperature, resulting in high power consumption. 
 
Fig. 1.3 Schematic structure of resistor-type gas sensor [5]. 
 
1.3.2. FET-type gas sensors 
In order to solve the disadvantages of the resistor-type gas sensors, Field 
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Effect Transistor (FET) -type gas sensors are being studied [29, 55, 56]. The FET-
type gas sensors use a sensing material as a gate or channel of the FET, and when 
exposed to a target gas, a change in the threshold voltage (Vth) or drain current (ID) 
of the FET occurs. Since the FET-type gas sensors are compatible with the 
conventional CMOS process, it is possible to fabricate an CMOS circuit for 
adjusting the output signals or calibrating the differences due to the environmental 
changes such as humidity or ambient temperature. In addition, the FET-type gas 
sensors have high sensitivity and high accuracy even in small-sized sensing 
materials, and power consumption can be reduced by installing a small-sized 
localized micro-heater. Furthermore, since they can be fabricated using 
conventional CMOS process, they can be mass-manufactured as a single chip with 
an integrated circuit at a low cost [24. 25]. 
There are mainly two types of FET-type gas sensors. One is Thin Film 
Transistor (TFT) gas sensors [6, 52, 53], and the other is Si FET having a 
horizontal floating-gate (FG) [25, 26, 29]. TFT gas sensors use a sensing material 
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as its channel or active layer to detect target gases. Fig. 1.4 shows schematic cross-
sectional view of the TFT gas sensor [6]. TFT gas sensors have three terminals 
(gate, source and drain), and these sensors read the change of the charge transfer 
or redistribution in its active layer when it exposed to target gases. However, 
theses TFT gas sensors are smaller in size than resistor-type gas sensors, but still 
require a large sensing area for stable output. In addition, since they are normally 
fabricated using MEMS process technology, it is difficult to integrate with CMOS 
circuits, and performance can be degraded due to the contamination by the sensing 
materials. 
 




To solve the shortcomings of TFT gas sensors, our group proposed a Si FET-
type gas sensor having a horizontal FG [26, 29]. Fig. 1.5 (a) is a top view SEM 
image showing the structure of the gas sensors with a horizontal FG based on 
MOSFET that we already proposed [29]. And Fig. 1.5 (b) shows the schematic 
cross-sectional view of the sensors. Because this MOSFET-based gas sensor uses 
conventional CMOS process technology, so it can be fabricated at low cost, small 
in size and integrated with CMOS circuits. In addition, this gas sensor can be used 
as a platform for various gas sensing, as different types of sensing materials are 
available. The MOSFET used in the gas sensor is protected with a layer of Silicon 
Nitride (Si3N4), and the sensing material is deposited at the final step of device 
fabrication, so the MOFET is completely protected from contamination of the 
sensing material. Moreover, as some fingers of the FG engage the control-gate 
(CG) in the horizontal direction, the gas sensor exhibits excellent performance 




Fig. 1.5 (a) top view SEM image showing the structure of the gas sensors with a 
horizontal FG, (b) schematic cross-sectional view of the sensors [26]. 
 
1.3.3. Heater and air-gap in gas sensors 
Gas detection for various types of target gases is being studied: Nitrogen 
Dioxide (NO2) [41, 48], Hydrogen Sulfide (H2S) [56], Ammonia (NH3), Carbon 
Dioxide (CO2) [39], Methane (CH4), and so on. Various types of sensing materials 
are used to detect these gases: semiconducting metal oxides, carbon nano-
materials and transition metal dichalcogenides. Among them, the most widely 






















[26], Tin Dioxide (SnO2) [36, 43], Indium Oxide (In2O3) [25, 34] and so on. Each 
metal oxide has an optimal operating temperature that responds well to the specific 
target gas. For example, the gas sensor using a ZnO film as a sensing material 
shows an optimal operating temperature of 180 ºC in NO2 gas and a suitable 
operating temperature of 150 ºC in H2S gas. In general, gas sensors using metal 
oxide as a sensing material show efficient gas detection characteristics in the range 
of 150-400 ºC. 
In order to make the gas sensors at the proper operating temperature, a heater 
and air-gap must be installed [25, 26]. A heater is required to raise the suitable 
operating temperature for gas detection from room temperature, and the air-gap is 
essential to prevent heat loss and maintain temperature. In general, Platinum (Pt) 
and Tungsten (W) are widely used as the heater for gas sensors [43, 44], and our 
group reported heavily doped poly-Si as the heater [25, 26]. Table 1.2 shows the 
thermal conductivities of typical materials used in CMOS process technology. 
Since the thermal conductivity of Si (130 W/m·K) used as the substrate of the gas 
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sensors is very large, the gas sensor cannot maintain the proper operating 
temperature without preventing heat dissipation through the Si substrate. As 
shown in Table 1.3, the thermal conductivity of air is extremely low, most gas 
sensors form an air-gap etched on the backside of Si substrate to prevent heat 
dissipation [43, 44]. However, the heaters used in the gas sensors are large in size, 
so they have high power consumption. In addition, the process of forming air-gap 
is complicated and is not compatible with CMOS process technology. Therefore, 
it is necessary to develop an efficient and low-power gas sensor by localizing the 
micro-heater only around the sensing materials and forming an air-gap only on the 
sensing materials [26]. In addition, the process for forming the air-gap compatible 






Table 1.3 Thermal conductivities of typical materials used in CMOS process 
technology. 
















1.4. Integration of various types of sensors 
Various sensors have been developed to help human life. Many types of 
sensors are still being studied and the demand for these sensors will increase [1-
13, 25-31]. In order to efficiently control and function various sensors, it is 
important to integrate the sensors on one chip [24]. Integrating different type of 
sensors on one chip can reduce fabrication cost and lower power consumption of 
the sensors. In addition, by integrating CMOS circuits with various sensors, power 
consumption can be extremely lowered and the functions of the sensors can be 
enhanced. In particular, it is possible to build a smart sensor system by applying 
Artificial Intelligence (AI) composed of CMOS circuits, which has recently 
attracted attention. Therefore, it is important to develop the CMOS compatible 
process that is commonly applicable to various types of sensors.  
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1.5. Purpose of research 
In this dissertation, study is carried out with the goal of the integration of 
different sensors. As far as we know, no technology has been reported to 
efficiently integrate different types of sensors onto a single chip. We propose the 
fabrication technology that efficiently integrated the barometric pressure sensors 
and the FET-type gas sensors. The key factors are the process of forming air-gap 
that can be used in common for both sensors, and poly-Si, which is used in various 
ways. In addition, the fabrication and verification of MOSFET with the sensors 
and integrating CMOS circuits with the sensors are also discussed.  
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1.6. Dissertation outline 
This dissertation is organized as follows. Chapter 1 contains an overview of 
sensor technology by introducing various types of sensors. In particular, 
conventional barometric pressure sensor technologies and various types of gas 
sensors are reviewed. Then the importance of integrating various types of sensors 
is described. The purpose of study and the dissertation outline are also presented. 
In Chapter 2, the structure and the layout of the fabricated sensors are explained 
in detail. In addition, the main fabrication process of the sensors and the key 
factors necessary for integrating different sensors are presented. Chapter 3 
describes the characteristics of the fabricated sensors. Especially, the simulation 
results of the sensors proposed in this study and the measurement results of the 
fabricated sensors are presented in detail. In addition, the operating principles of 
the fabricated sensors are also described. Finally, the conclusion is presented in 
Chapter 4.  
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Chapter 2. Device structure and fabrication 
 
2.1. Integration of different sensors 
In this dissertation, FET-type gas sensor having a horizontal FG and micro-
heater and barometric pressure sensors having a built-in temperature sensor are 
fabricated simultaneously on the same Si substrate [24, 25]. Two different types 
of sensors are integrated on a single Si wafer, and they are efficiently fabricated 
in an optimal process. Fig. 2.1 shows an optical top view of the integrated 
barometric pressure sensors and FET-type gas sensor on the Si substrate. As shown 
in Fig. 2.1, barometric pressure sensors and FET-type gas sensor are located 
adjacently. Barometric pressure sensors and FET-type gas sensor have their own 




Fig. 2.1 Optical plan view of the barometric sensor and the gas sensor fabricated 








2.2. Structure of barometric pressure sensors 
2.2.1. Air pocket of barometric pressure sensors 
Barometric pressure sensors are fabricated in two type: an air pocket type 
(Fig. 2.2 (a)) and a normal type (Fig. 2.2 (b)) [24, 25]. The air pocket type 
barometric pressure sensor increased the sensitivity of the sensor by adding air 
pockets around the sensor and air pockets are all connected to the sensor through 
the cavity. Air pockets are formed when the cavity of the barometric pressure 
sensor is formed, and anchors are arranged in all areas of air pockets. These air 
pockets increase the stress on the central diaphragm of the barometric pressure 
sensor. Fig. 2.3 (a) is a cross-sectional Scanning Electron Microscopy (SEM) view 
of the central region of the diaphragm, and Fig. 2.3 (b) is a cross-sectional SEM 
view of the air pocket and the area excluding the central region of the diaphragm. 
As shown in Fig. 2.3 (b), Si column support the diaphragm and we named this as 
anchor. Anchors of 3 × 3 μm are placed except for central region of the barometric 
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pressure sensor, the diaphragm except the central region does not move according 
to the pressure difference. This ensures that stresses due to pressure differences 
are concentrated only in the central region. 
 
 





Fig. 2.3 (a) Cross-sectional SEM view of the central region and (b) air pocket and 
the area excluding the central region of the diaphragm. 
 
2.2.2. New design of piezo-resistor 
Fig. 2.4 (a) is a top view SEM image of a conventional piezo-resistor widely 
used in barometric pressure sensors. As shown in Fig. 2.4 (a), piezo-resistors using 
heavy Boron (B) doped poly-Si are placed on the barometric pressure sensor. Two 
piezo-resistors are placed on the movable diaphragm in the central region of the 
barometric pressure sensor, and two piezo-resistors are placed in the area without 
the cavity. Piezo-resistors placed on the diaphragm that can move according to the 





changes in atmospheric pressure become variable resistors, and piezo-resistors 
located on the Si substrate which doesn’t have a cavity become fixed resistors. 
These four piezo-resistors are composed of a Wheatstone bridge circuit with two 
variable resistors and two fixed resistors (Fig. 2.4 (c)) [13]. The Wheatstone bridge 
circuit amplifies the change of piezo-resistance due to the change in atmospheric 
pressure to output voltage (Vout) is 
𝑉𝑜𝑢𝑡  =  
(𝑅1 × 𝑅3) − (𝑅2 × 𝑅4)
(𝑅1+𝑅2) × (𝑅3 + 𝑅4)
 ×  𝑉𝑖𝑛                                    (1) 
To reduce the noise and increase the sensitivity of the Wheatstone bridge 
circuit, the resistance values (R) of the four piezo-resistors should be the same as 
possible. When the resistance change (ΔR) of two variable resistors is the same, 
Vout is as follows [23]. 
𝑉𝑜𝑢𝑡  =  
∆𝑅
(2𝑅 + ∆𝑅 )





Fig. 2.4 (a) Magnified top view SEM image of barometric pressure sensors with 
conventional piezo-resistors and (b) new design piezo-resistors, (c) Equivalent 
circuit of Wheatstone bridge composed of two variable resistors and two fixed 
resistors. 
 
In this dissertation, we propose a new design of piezo-resistors with a higher 
sensitivity than the conventional piezo-resistor used in previous barometric 
pressure sensors. As shown in the Fig. 2.4 (b), the proposed piezo-resistors used 
as variable resistors are designed longer than the conventional piezo-resistors. The 

















same design as conventional piezo-resistors, and are placed on the end point from 
the beginning of the bendable central region of the diaphragm. The variable piezo-
resistors placed on the conventional barometric pressure sensors have relatively 
little ΔR because they are located only half of the movable diaphragm. However, 
since the proposed piezo-resistors are located in the entire central region of the 
movable diaphragm, the piezo-resistance change are designed to be expected to 
be much larger. The behaviors of the proposed new design of piezo-resistors are 
verified by COMSOL Multiphysics simulations and measurements of the 
fabricated barometric pressure sensors [28].  
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2.3. Structure of FET-type gas sensors 
2.3.1. Structure and layout of FET-type gas sensors 
Fig. 2.5 (a) is a top view SEM image of the FET-type gas sensor having FG 
and micro-heater fabricated in this study [25]. Fig. 2.5 (b) is a cross-sectional 
schematic view of the FET-type gas sensor. Since pMOSFET has less flicker noise 
than nMOSFET, FET-type gas sensors in this dissertation are fabricated as 
pMOSFET. In addition, to further reduce the noise of the pMOSFET, pMOSFETs 
with a buried channel are fabricated [26, 29]. As shown in Fig., FG and CG are 
formed horizontally in the form of meshing with each other, thereby increasing 
the coupling ratio between them. A gap between the FG and the CG is 0.5 μm, and 
an n-type semiconducting Indium oxide (In2O3) layer is used as a sensing material 
to fill the space between the FG and CG. Poly-Si with heavy B ion implantation 





Fig. 2.5 (a) Top view SEM image and (b) cross-sectional schematic view of FET-
type gas sensor having FG and micro-heater. 
 
The micro-heater is localized so that only the temperature of the gas sensing 
part can be raised, and the air-gap with a depth of 2.5 μm is formed below the gas 
sensor to prevent heat dissipation of the gas sensing part. In addition, the air-gap 
also prevents heat generated by the micro-heater from diffusing to the channel of 
the MOSFET, thereby guaranteeing stable operating of the MOSFET [26, 43, 44]. 
The MOSFET of the FET-type gas sensor has a channel width of 2 μm and a 




















nm) /Si3N4 (20nm) /SiO2 (10 nm) (ONO) layers, which is electrically insulated 
from the CG and the gas sensing part. The gas sensing part is electrically insulated 
from the FG by the ONO layers, but is connected to the CG, so it operates as a 
gate of the MOSFET. The Si3N4 film of ONO layers also prevent the MOSFET 
from being contaminated from the gas sensing part.  
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2.4. Device fabrication 
2.4.1. Key fabrication process 
Barometric pressure sensors and FET-type gas sensors having a horizontal 
floating-gate and micro-heater are fabricated on a Si substrate using conventional 
CMOS process technology [25]. Total six photo masks are used in the entire 
fabrication. 6-inch p-type (100) bulk Si wafer is used to fabricate barometric 
pressure sensors and FET-type gas sensors. Fig. 2.6 shows the main steps of 
fabrication process. After RCA chemical cleanings which include SPM (H2SO4, 
H2O2), SC1 (H2O2, NH4OH, DI H2O), SC2 (H2O2, HCl, DI H2O) and HF are 
performed on the bulk Si wafer, the ion implantation process is carried out to build 
N-well of the pMOSFET. Then thermal SiO2 layer having a thickness of 300 nm 
is grown. The SiO2 layer is patterned with line-shaped etching holes of 0.5 μm 
diameter using the first photo mask (Fig. 2.7 (a), Fig. 2.10 (a)). 3 × 3 μm2 non-
etched square SiO2 patterns are left with 8 μm spacing between line-shaped 
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etching holes to form Si anchors. 
 
Fig. 2.6 Main steps of fabrication process of integrated barometric pressure 
sensors and FET-type gas sensors. 
6 inch (100) p-type Si wafer
Si isotropic etch (SF6) ···(b)
Sealing etching hole ···(c) 
Source & Drain ion implantation ···(d)
SiO2/Si3N4/SiO2 stack formation ···(e)
Gas sensing layer formation (In2O3) ···(g)        6
th mask
SiO2 etching hole formation ···(a)                      1
st mask
Active patterning/ Gate oxide growth               2nd mask
p+ poly-Si deposition/  Gate patterning            3rd mask
Contact hole formation ···(e)                             4th mask




Fig. 2.7 (a)-(g) Schematic views of the key fabrication process steps. 
 
Isotropic etching process is performed to etch Si substrate by using Sulfur 
Hexafluoride (SF6) gas through 0.5 μm diameter SiO2 etching-holes. Through the 


















































































etching-holes (Fig. 2.7 (b)). The formed cavities become the cavity that can detect 
the pressure difference from the ambient air pressure of the barometric pressure 
sensors, and become air-gaps that can maintain the proper operating temperature 
of the FET-type gas sensors. Since the thermal conductivity of air (0.026 W/(m·K)) 
is much smaller than that of Si (148 W/(m·K)) or SiO2 (0.026 W/(m·K)), the air-
gap formed in the cavity helps maintain the temperature in the high-temperature 
operation of the FET-type gas sensors [26]. Since SiO2 layer is hardly etched 
during isotropic etching process using SF6 gas, pillar-shaped Si is left below the 3 
× 3 μm2 square SiO2 patterns as shown in Fig. 2.10 (b). In this study, these pillar-
shaped Si are named anchor. These anchors serve to support the SiO2 patterns at 
the top of the cavity. In particular, barometric pressure sensors are designed so that 
the pressure is concentrated in the central region of the sensor by placing the 
anchors at regular intervals in all areas including air pockets except the central 
region of the sensors. Fig. 2.8 shows the depth of the cavity and the shape of the 
anchor according to the process time of the isotropic etching process using SF6 
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gas. Through 2 minutes and 30 seconds process time, a cavity with a depth of 2.5 
μm can be formed, and the Si anchor can be made into a shape having a diameter 
of 1μm. 
 
Fig. 2.8 Cross-sectional SEM views according to process time of isotropic etching 
process using SF6 gas. (a) 1.5 min, (b) 2.0 min, (c) 2.5 min. 
 
(a)
3 μm 1.4 μm
(b)
1.6 μm 2.1 μm
(c)




Fig. 2.9 Schematic key process steps for the cavity, (a) patterning of line-shaped 
etching holes, (b) isotropic etching using SF6 gas through the etching holes, (c) 
narrowing the etching holes by depositing PE-TEOS film, (d) anisotropic etch-
back process for PE-TEOS film thickness reduction, (e) deposition of another PE-
TEOS layer to fully seal the etching holes, (f) etch-back process for thickness 














Fig. 2.10 (a) Top SEM view taken after patterning line-shaped etching holes, (b) 
top SEM view taken after isotropic etching process, (c) top SEM view taken after 
etch-back process for PE-TEOS layer, (d) top SEM view taken after fully sealing 
the etching holes, (e) cross-sectional SEM view taken after fully sealing the 






































The cavity of the barometric pressure sensor must be sealed to read the 
pressure difference from outside the cavity. In addition, since the floating-gate and 
micro-heater of the FET-type gas sensors are formed on the air-gap of the sensors, 
the cavity must be sealed. The 0.5 μm diameter SiO2 line-shaped etching holes 
remain almost the same even after 2.5 minutes of isotropic etching process using 
SF6 gas as shown in Fig. 2.10 (b). Fig. 2.9 is schematic diagrams showing the 
process of sealing line-shaped etching holes. First, Plasma Enhanced Tetraethyl 
Orthosilicate (PE-TEOS) layer are deposited to reduce the opened diameter of 
line-shaped etching holes. The PE-TEOS film has a non-conformal profile and 
can form an over-hang profile to reduce the diameter of the line-shaped etching 
holes (Fig. 2.9 (c)). Since the deposited PE-TEOS film is very thick, anisotropic 
etch-back process is used to reduce the deposited thickness of the PE-TEOS film. 
As shown in the top view of the SEM image Fig. 2.10 (c), the opened diameter of 
the line-shaped etching hole is reduced (Fig. 2.9 (d)). Once again, PE-TEOS layer 
is deposited to completely seal the opened line-shaped etching holes (Fig. 2.9 (e), 
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Fig 2.10 (d)). Then, the anisotropic etch-back process is performed to make the 
thick PE-TEOS layer thin (Fig. 2.9. (f)). In order to increase the sensitivity of the 
barometric pressure sensors and increase the heat insulating the FET-type gas 
sensors, the thickness of the PE-TEOS layer should be reduced as much as 
possible. However, too thin film has poor mechanical strength, so in this 
dissertation, the etch-back process is performed to form a film with a thickness of 
0.5 μm (Fig. 2.10 (e)). After this etch-back process, the layer formed on the cavity 
becomes the diaphragm of the barometric pressure sensor. Since the fabricated 
diaphragm is thin, the barometric pressure sensors have good sensitivity, so the 
overall size of the sensor can be reduced compared to the conventional MEMS 
barometric pressure sensors. The SiO2 diaphragm formed of thermal SiO2 and PE-
TEOS has Young’s modulus (66 GPa) and Possion’s ratio (0.17) smaller than that 
of the conventional Si diaphragm (130 GPa, 0.22), so it has good mechanical 
stability and durability and has more displacement under the same pressure. Table 
2.1 compares the key features of the barometric pressure sensors in this 
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dissertation and the reported literatures [4, 14]. 
Table 2.1 Comparison of diaphragm thickness, sensor size, and sensitivity 
between our barometric pressure sensors and reported barometric sensors. 
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The next process defined the active region of the MOSFET of the FET-type 
gas sensors. In order to form a buried channel of the pMOSFET, a low dose of 
BF2 (Boron-Fluorine) ions are implanted shallowly. A 10nm thick gate-oxide layer 
is grown on the active region and 0.35 μm thick undoped gate poly-Si layer is 
subsequently deposited on the gate-oxide layer by Low Pressure Chemical Vaper 
Deposition (LP-CVD). The poly-Si layer is doped with a high concentration of B 
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by ion implantation (BF2, 5 × 1015 cm-2) and annealed at 1050 ºC for 5 seconds 
and then patterned as FG of the MOSFET, micro-heater of the gas sensors and 
piezo-resistors of the barometric pressure sensors. The poly-Si with heavily doped 
has high piezo-resistance, linear Temperature Coefficient of Resistance (TCR) and 
low depletion effect. These properties allow the poly-Si as the piezo-resistors and 
temperature sensors of the barometric pressure sensors, the FG of the MOSFET, 
the micro-heater of the gas sensors at the same time. In this way, the poly-Si 
becomes a key role of the sensors, enabling efficient integration. To form the 
source and the drain regions of the MOSFET, B ions with a dose of 2 × 1015 cm-2 
are implanted (Fig. 2.7 (d)), and then ONO passivation layers are deposited (Fig. 
2.7 (e)). Next, the contact holes are defined by photo lithography (4th photo mask) 
and anisotropic etching process. After performing photo lithography process for 
the metal line (5th photo mask), Chrome (Cr) (30 nm) and Gold (Au) (50 nm) 
layers are deposited by sputtering process, and then metal line is formed by lift-
off process (Fig. 2.7 (f)). In order to improve the contact characteristics and the 
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subthreshold swing characteristics of the MOSFETs, the anneal process is carried 
out for 30 minutes in a hydrogen atmosphere at 300 ºC. Finally, 12 nm thick n-
type semiconducting In2O3 layer is formed around CG and FG as a sensing 
material (Fig. 2.7 (g)).  
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2.4.2. Formation of sensing material on FET-type gas sensors 
In the FET-type gas sensor, the CG and the FG are separated, and the sensing 
layer is filled between them. Fig. 2.5 (a) is the top view SEM image of the 
fabricated FET-type gas sensor. As shown in Fig. 2.5 (a), the sensing layer is 
formed between the CG and the FG. The sensing layer reacts directly with target 
gas to change the potential delivered to the FG, affecting the Vth or ID of the FET 
of the gas sensors. Fig. 2.5 (b) is a schematic cross-sectional view of the FET-type 
gas sensors. As shown in Fig. 2.5 (b), the CG and the In2O3 layer are in contact, 
and the FG and the In2O3 layer are separated by ONO layers. As the sensing 
materials, meta oxides, carbon materials, 2D dichalcogenides are reported. In this 
study, In2O3 with n-type semiconducting characteristics is used as the sensing layer. 
After patterning the space between the FG and the CG by photolithography (6th 
photomask), In2O3 layer with 12 nm thickness is deposited by Radio Frequency 
(RF) sputtering and Photo Resist (PR) is removed by lift-off process. Fig. 2.11 (a) 
is the magnified top view SEM image of the deposited In2O3 film and Fig. 2.11 (b) 
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is an Energy Dispersive X-ray Spectroscopy (EDS) analysis of the In2O3 layer 
used as the sensing layer of the FET-type gas sensors. By using EDS analysis, we 
observed the In (Indium) peak at 3.444 keV and 3.487 keV. 
 
Fig. 2.11 (a) Magnified top view SEM image of deposited In2O3 film, 
(b) EDS analysis of In2O3 layer used as sensing layer of FET-type gas 
sensors. 
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Chapter 3. Device characteristics 
 
3.1. Characteristics of barometric pressure sensors 
3.1.1. Device simulation 
COMSOL Multiphysics (version 5.3) is used to confirm the characteristics 
of the barometric pressure sensors fabricated in this dissertation [28]. The physics 
used in the simulation are ‘Solid Mechanics’. The behaviors of the diaphragm of 
the barometric pressure sensors are verified using COMSOL Multiphysics. Using 
the solid mechanics physics, the displacement and profile of the diaphragm 
according to changes in air pressure are verified. 
Fig. 3.1 shows models designed using COMSOL Multiphysics. All models 
are designed in 3-dimensions and implemented in the same way as actual 
fabricated materials. Four types of barometric pressure sensors are proposed and 
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fabricated. Models with the same physical size as the barometric pressure sensors 
are designed. There are types of barometric pressure sensors having conventional 
piezo-resistors with no air pockets, and conventional piezo-resistors with air 
pockets. In addition, there are types of barometric sensors having newly proposed 
piezo-resistors with no air pockets, and sensors having newly proposed piezo-
resistors with air pockets. In addition, the difference in volume inside the cavity 






Fig. 3.1 Barometric sensors (a) air pocket type and (b) normal type 
models, and patterns of (c) conventional and (d) proposed 
piezoresistors models designed by COMSOL Multiphysics [28]. 
 
Each designed barometric pressure sensor model has a 10 μm thick p-type Si 
substrate with a 2.5 μm deep cavity and a 0.5 μm thick SiO2 diaphragm. Si anchors 
are arranged at regular intervals like the actually fabricated sensors, and heavily 
p-doped poly-Si piezo-resistors are placed on the SiO2 diaphragm. Fig. 3.2 shows 














undoped poly-Si with an energy of 90 keV, and then carried out Rapid 
Temperature Annealing (RTA) for 5 seconds at 1050 ºC. The simulation is 
performed using Synopsys Inc. Sentaurus [59]. The p-type poly-Si used as piezo-
resistors are set at a concentration of 2.1 × 1020 cm-3, and this concentration is the 
result of the simulation. Metal wirings and probing pads are omitted because those 
factors are hardly effective on the simulation. 
 
Fig. 3.2 Simulation result after implantation BF2 ions (5 × 1015 cm-2, 90 
keV) into undoped 0.35 μm thick poly-Si and then RTA (5s, 1050 ºC) 
[59]. 





































Fig. 3.3 Model of air pocket type barometric pressure sensor with 
tetrahedral mesh. 
 
As shown in Fig. 3.3, tetrahedral mesh is built in the entire area of the models, 
and more dense mesh is built in the central region of the diaphragm and piezo-
resistors where the pressure is applied. And the pressure according to the pressure 
difference is set to be applied to the upper part of the diaphragm. While changing 
the ambient pressure from 100 hPa to 1013 hPa, the displacement and profile of 




Fig. 3.4 Diaphragm displacement obtained by simulating the structures 
and patterns shown in Fig. 3.2 using COMSOL Multiphysics. 
 
Fig. 3.4 is curves showing the displacement of the diaphragm according to 
the change in atmospheric pressure in each model. It can be shown that barometric 
pressure sensors having air pockets have a larger displacement than sensors not 
having air pockets. In the sensors having piezo-resistor of the same design, the 
displacement of the diaphragm is up to 5 nm depending on the presence or absence 
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of the air pockets. As confirmed by Boyle’s Law, 
𝑃1𝑉1 = 𝑃2𝑉2                                                             (3) 
it is confirmed that the increased total volume of the cavity due to the air pockets 
resulted in an increase in pressure applied to the central region of the diaphragm. 
Fig. 3.5 shows the profile of the diaphragm deformation according to the design 
of the piezo-resistor. The diaphragm deformation of newly proposed piezo-resistor 
shows more gradual curvature than conventional piezo-resistor type. As shown in 
this way, since it shows a gradual curvature over the entire area of the piezo-




Fig. 3.5 Displacement profiles of (a) the conventional piezoresistors 
patterns and (b) the proposed pattern at a given pressure of 1013 hPa. 
 
3.1.2. Measurement setup 
Fig. 3.6 shows the experimental setup for measuring barometric pressure 
sensors and FET-type gas sensors on the same chip. The measurements are carried 
out by using a vacuum chamber with probe station. And this measurement system 
equipped with Baratron gauge, pressure controller, Mass Flow Controller (MFC) 




probe station, there Is the heater that can raise the temperature, and it can be 
adjusted from room temperature to 250 ºC by using temperature controller. The 
measurement chamber can set a specific pressure using the pressure controller. 
The pressure controller reads the pressure of the chamber through the Baratron 
gauge and controls the throttle valve connected to the rotary pump and the MFC 
system connected to the dry air cylinder to set a specific pressure. In this way, the 
characteristics of the barometric pressure sensors can be confirmed by setting a 
specific pressure and temperature in the measurement system. In particular, the 
barometric pressure sensors have a built-in temperature sensor and can measure 





Fig. 3.6 Experimental setup for atmospheric pressure measurement and 
gas sensing measurement. 
 
In this study, the characteristics of the FET-type gas sensors are investigated 
using NO2 gas as the target gas. In order to make a specific ratio of NO2 gas, the 
flow rate of dry air and NO2 gas are controlled by MFC, then mixed in a mixing 































3.1.3. Measurement results 
As shown in Fig. 2.4, the barometric pressure sensors have two fixed piezo-
resistors and two variable piezo-resistors, and since the variable piezo-resistors 
are placed on the diaphragm that is deformed according to the atmospheric 
pressure, the piezo-resistance value of the variable piezo-resistors changes 
depending on the atmospheric pressure. Fig. 3.7 (a) shows the piezo-resistance 
change (Rpiezo) of the variable piezo-resistor according to the change in air 
pressure of the fabricated barometric pressure sensors. The difference in 
sensitivity of piezo-resistance can be confirmed depending on the presence or 
absence of the air pockets. In addition, the barometric pressure sensor with newly 
proposed piezo-resistors has a larger Rpiezo than the barometric pressure sensor 
with conventional piezo-resistors. Fig. 3.7 (b) are curves showing the output 
voltage (Vout) of the barometric pressure sensors according to the change in air 
pressure. It can be seen that the sensitivity of the barometric pressure sensor with 
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the newly proposed piezo-resistors and air pockets is the best. Table 2.1 shows the 
sensor size, the diaphragm thickness and the sensitivity of the reported barometric 
pressure sensors. Compared with reported sensors, the barometric pressure sensor 
fabricated in this work has a small size. This is because the barometric pressure 
sensor has a thin diaphragm, newly proposed piezo-resistor and air pockets that 
can increase sensitivity of the sensor, reducing the overall size of the sensor. 
 
Fig. 3.7 (a) Measured piezoresistance change (Rpiezo) and (b) output 
voltage change (Vout) of Wheatstone bridge circuit with the 
atmospheric pressure change. 
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Fig. 3.8 (a) shows the change in Vout of the barometric pressure sensors 
according to the change in ambient temperature (T). As the T increases, the 
sensitivity of the barometric sensor decreases because the sensitivity of poly-Si 
piezoresistor decreases [10, 18, 19]. 
Fig. 3.8 (b) shows the results of the repeated measurement of the barometric 
pressure sensor with newly proposed piezo-resistor and air pockets. More than 
100 measurements are carried out at atmospheric pressure of 133 hPa, 266 hPa 
and 666 hPa, respectively, and stable results are obtained even repeated 
measurements. Since Young’s modulus (66 GPa) and Poisson’s ratio (0.17) of the 
SiO2 diaphragm are smaller than Si (130 GPa, 0.22), mechanical strength and 






Fig. 3.8 (a) Measured output voltage (Vout) change of the barometric 
sensor with atmospheric pressure as a parameter of ambient 
temperature. (b) Repeated pressure measurement of the barometric 
sensor. 
  





















































3.2. Characteristics of temperature sensors and micro-heater 
3.2.1. Temperature sensor and its characteristics 
Fig. 3.9 is a top view SEM image of the temperature sensor built into the 
barometric pressure sensors. The poly-Si electrode used as the fixed piezo-
resistors of the barometric pressure sensors can be operated as the temperature 
sensors [26]. The poly-Si electrode become the piezo-resistors of the barometric 
pressure sensors, and function as an electrode of the temperature sensor as well. It 
can read the resistance of the poly-Si by setting the read voltage in one direction 
of the poly-Si electrode and grounding in the other direction of the electrode. By 
reading the resistance of the poly-Si electrode, the ambient temperature can be 
calculated. In this study, the temperature of the substrate where the sensors are 
fabricated is controlled using the temperature controller in the measurement 




Fig. 3.9 Top view SEM image of temperature sensor built-in barometric 
pressure sensor. 
 
𝑅 (𝑇) =  𝑅0 [1 +  𝛼 (𝑇 − 𝑇0)]                                          (4) 
Eq. (4) shows the correlation between the temperature and the resistance. α 
is called TCR. TCR is the calculation of a relative change of resistance per degree 






ion implanted into the 350 nm thick poly-Si. Using the temperature controller, the 
temperature from -20 ºC to 200 ºC is set and the resistance of poly-Si is measured. 
When low dose of Boron is implanted, poly-Si showed negative TCR at low 
temperature regions and positive TCR at high temperature regions. Since it has a 
U-shaped TCR, it is difficult to trace the temperature depending on the resistance. 
As the dose of Boron implanted into poly-Si increases, poly-Si has a more linearly 
positive TCR. In this study, heavy dose of 5 × 1015 cm-2 is implanted into the 
undoped poly-Si, and this implanted poly-Si shows linear TCR of 2.4 × 10-4. In 
addition, it has almost linear TCR from -20 ºC to 200 ºC, so it is easy to trace back 




Fig. 3.10 Resistance change with temperature as a parameter of 
implanted boron dose into 350nm poly-Si. 
 
Fig. 3.11 shows the correlation between the ambient temperature and the 
resistance according to the applied voltage of the temperature sensor. As the 
reading voltage (Vr) is increased, the resistance is rapidly increased by Joule 
heating above 150 ºC. Vr below 1V shows a nearly linear TCR. In this study, the 
ambient temperature is measured using a reading voltage of 0.5 V, so that Joule 
heating is almost ignored. 
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Fig. 3.11 Resistance change with temperature as a parameter of read 
voltage. 
 
The accuracy of the temperature sensor is verified using Infra-Red (IR) 
thermal microscopy. A chip with fabricated temperature sensor is placed on a 
Peltier device capable of temperature control by Proportional Integral Differential 
(PID) controller, and the temperature of the Resistance Temperature Detector 
(RTD) sensor and IR thermal microscopy are simultaneously checked. Also, the 
resistance change of the fabricated temperature sensor is observed. Fig. 3.12 (a) is 






























the overall picture of the system used for verification, and Fig. 3.12 (b) is the 
picture of the sample used for measurement. Fig. 3.13 shows that the difference 
between temperature controlled by the PID controller and the temperature 
confirmed by the IR thermal microscopy is less than 2 ºC. Also, the linear change 
in resistance change due to the temperature change is confirmed. Therefore, by 
checking the resistance value of the temperature sensor, it is possible to track the 
ambient temperature. In this study, it is verified that a 350 nm thick undoped poly-






Fig. 3.12 (a) Overall picture of the system used for verification, (b) 
picture of the sample used for measurement. 
 
Fig. 3.13 Temperature confirmed by IR thermal microscopy and RTD 
sensor. 
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3.2.2. Micro-heater of the gas sensors 
In order to detect various kinds of target gases, it is necessary to make an 
appropriate ambient temperature for each gas detection [26]. In this dissertation, 
a gas sensor for detecting NO2 gas is fabricated, and the proper temperature for 
detecting NO2 gas is around 150 ºC. The air-gap and localized micro-heater are 
used to maintain high operating temperature for detecting NO2 gas. Fig. 2.5 (a) is 
the top view image of the fabricated gas sensor. The micro-heater made of 350 nm 
thick poly-Si surrounds the FG and the sensing material. The heating area is 27 × 
7 μm2. The gas sensor has low power consumption because the micro-heater heats 
only the area required for gas detection. Fig. 3.14 (a) shows the I-V curve of the 
fabricated micro-heater of the gas sensors. The micro-heater fabricated in this 
dissertation shows a power consumption of 3.85 mW at a temperature of 124 ºC, 




Fig. 3.14 I-V curve of the fabricated micro-heater. 
 
The air-gap formed under the micro-heater prevents heat dissipation. Si has 
high thermal conductivity (130 W/m·K), and air has very low thermal 
conductivity (0.026 W/m·K), so the air-gap efficiently prevents heat dissipation 
from the micro-heater. And the air-gap prevents the heat of the micro-heater from 
spreading to the channel of the MOSFET, which ensures stable operation of the 
MOSFET. Thanks to the localized micro-heater and the air-gap, only the 
temperature of the sensing material for sensing NO2 gas can be increased. 



























The micro-heater is simulated using COMSOL Multiphysics to verify the 
behaviors of the micro-heater according to the heater bias voltage (VH). The 
physics used in the simulation are ‘Electric Current’, ‘Heat Transfer in Solid’ and 
‘Heat Transfer in Fluids’. The simulation model with the same physical structure 
as the fabricated gas sensor is designed (Fig. 3.15 (a)) and a dense mesh is applied 
as shown in Fig 3.15 (b). The model has the air-gap with 2.5 μm depth, and the 
outside of the sensor is covered with air. The Substrate under the model and the 
air top are set at 25 ºC. 
 












Fig. 3.16 shows the simulation results of COMSOL Multiphysics and the 
results of IR thermal microscopy. As shown in Fig. 3.16, the simulation results 
and the temperature confirmed by IR thermal microscopy are almost identical. Fig. 
3.17 (a) shows the temperature distribution of the simulation model at 4 V of VH. 
Around the micro-heater has a temperature (TH) of 124 ºC, and heat preservation 
by the air-gap is confirmed. Fig. 3.17 (b) shows the 3D temperature distribution 
and confirms that heat dissipation is prevented due to the air-gap under the micro-
heater. Fig. 3.18 is the temperature distribution data of the fabricated gas sensor 
when VH is 4 V by using Thermo-Reflectance Microscopy. It shows almost same 
result as the temperature distribution of the simulated model. And it is confirmed 




Fig. 3.16 simulation results of COMSOL Multiphysics and the results 
of IR thermal microscopy. 
 





















Fig. 3.17 (a) simulated temperature distribution and (b) 3D temperature 




















Fig. 3.18 Temperature distribution image obtained by the thermo-
























3.3. Characteristics of gas sensors 
3.3.1. I-V characteristics and nonvolatile functionality of FET-
type gas sensors 
Fig. 3.19 (a) shows curves showing ID according to the CG bias (VGS) of FET-
type gas sensors, and Fig. 3.19 (b) is curves showing the ID according to the drain 
voltage (VDS). From these curves, reasonable operating characteristics of 
pMOSFET are verified. Fig. 3.19 (c) shows ID versus the VGS curves of FET-type 
gas sensors. Since the horizontal FG of the gas sensor is made of the poly-Si with 
nonvolatile functionality, the Vth of the sensors can be adjusted by applying 
program bias (VPGM) or erase bias (VERS). In this way, since the Vth of the fabricated 




Fig. 3.19 (a) ID versus VGS curves as a parameter of VDS and (b) ID versus 
VDS curves of as a parameter of VGS of a pMOSFET. (c) ID versus VGS 
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3.3.2. Gas sensing mechanism 
Fig. 3.20 shows the equivalent circuit of the FET-type gas sensor. The 
capacitance of In2O3 layer used as the sensing material is denoted as CInO, and the 
capacitance of the ONO passivation layer protecting the FG is denoted as CONO, 
respectively. CG and CP represent the gate oxide capacitance of the MOSFET and 
parasitic capacitance of the gas sensor, respectively. The coupling ratio (γ) 







−1 + 𝐶𝑃 + 𝐶𝐺
                                         (5) 
When the sensing material reacts with target gas in Eq. (5), CInO changes and 
eventually γ changes. The voltage delivered to the gate of MOSFET changes 
depending on the change in γ. Eq. (6) shows the ID in the linear region of the 
pMOSFET. When the target gas reacts with the sensing material, γ and Vth are 







(|𝛾𝑉𝐺𝑆 − 𝑉𝑡ℎ| +
1
2
𝑉𝐷𝑆)𝑉𝐷𝑆                                   (6) 
 
Fig. 3.20 equivalent circuit of the FET-type gas sensor. 
 
Fig. 3.21 is a schematic energy band diagram of the FET-type gas sensor in 
flat band condition. ΦCG, ΦInO, ΦFG, and ΦSi represent work functions of the CG, 
the In2O3 layer, the FG, and the Si, respectively. The work function of gold (Au) 
used as the CG in this study has a value of 5.1 eV, and ΦInO is 5.0 eV. Also, ΦFG is 
~ 4.05 eV and ΦSi is ~4.26 eV. χInO and χSi represent electron affinities of the In2O3 



















Fig. 3.21 schematic energy band diagram of the FET-type gas sensor in 
flat band condition. 
 
Fig. 3.22 shows a schematic energy band diagram of the FET-type gas sensor 
when exposed to NO2 gas used as the target gas in this study. When the In2O3 layer 
is exposed to NO2 gas, NO2 molecules are extracted as electrons from In2O3 and 
adsorbed on the surface of In2O3 to exist as negative ions (NO2-). As shown in Fig. 
3.22 (b), this reaction increases the hole concentration of the Si substrate by 
increasing the depletion width and band bending (ψs1 < ψs2). As a result, these 













Fig. 3.22 a schematic energy band diagram of the FET-type gas sensor 


































3.3.3. Gas measurement results 
FET-type gas sensor fabricated in this dissertation is measured on the target 
gas of NO2. To react NO2 gas, the micro-heater built into the gas sensor is used, 
and TH is measured with the temperature sensor. Table 3.1 shows TH of the gas 
sensor according to VH. Fig. 3.23 shows the reaction of the gas sensor according 
to VH applied to the micro-heater. As VH increases the response characteristic is 
improved in the ambience of 1.25 ppm NO2 gas due to increasing TH. It is possible 
to detect NO2 gas of 1.25 ppm above 3 V at VH, and it shows high sensitivity at 4 
V. 
Table 3.1 TH of the gas sensor according to VH. 










Fig. 3.23 Transient ID behaviors of the gas sensor as a parameter of VH. 
1.25 ppm of NO2 gas and dry air are injected at t=25 s and t=75 s, 
respectively. 
 
Fig. 3.24 shows the graph of detecting NO2 gas of 0.5 ~ 1.25 ppm when 4 V 
is applied to VH. As shown in Fig. 3.24, it is possible to detect NO2 gas at a very 
low concentration of 0.5 ppm. 































Fig. 3.24 Transient ID behaviors of the gas sensor with different NO2 
concentrations. NO2 gas and dry air are injected at t = 25 s and t = 75 s, 
respectively. 
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3.4. MLP neural network 
As shown in Fig. 3.8 (a), the sensitivity of the barometric pressure sensor 
decreases as the ambient temperature increases. This is because the characteristics 
of piezo-resistance become insensitive as the temperature increases. Therefore, it 
is difficult to measure the exact atmospheric pressure according to the ambient 
temperature. In this dissertation, since the barometric pressure sensor with built-
in temperature sensor is fabricated, it is possible to measure the temperature and 
the atmospheric pressure at the same time. In order to reduce the error due to the 
ambient temperature, Multi-Layer Perceptron (MLP) with one hidden layer (12 
neurons) is designed as a neural network to provide an exact pressure regardless 
of ambient temperature. The input of the network is the Vout of the barometric 
sensor and resistance (Rtemp) of the temperature sensor, and the output is the 
accurate pressure as shown in Fig. 3.25. The (25  19) training data are 25 different 




Fig. 3.25 MLP neural network with one hidden layer used for 
inferencing the pressure of the barometric sensor regardless of 
temperature change. 
 
The amount of data is increased 1000 times by data augmentation using the 
repeated measurement data shown in Fig. 3.26 (a). The 5  19 test data are 5 
different pressures measured at each of the 19 different Ts, which is different from 
the training data. Mean Squared Error (MSE) is used as a loss function and back 
propagation algorithm is used for training. The rectified linear unit is used as an 









be read with an accuracy of 97.5 % even in a T changing environment. 
 
Fig. 3.26 (a) MSE and (b) Accuracy of the test data versus epoch. The 
































Chapter 4. Conclusion 
 
In this dissertation, efficient integration of barometric pressure sensors and 
FET-type gas sensors has been proposed and fabricated on the same substrate 
using conventional CMOS process technology. The cavity and heavily doped 
poly-Si are designed to be key components for efficient sensor integration. The 
2.5 μm deep cavities formed by isotropic etching process by SF6 gas through SiO2 
etching holes are not only used as the air-gap of the gas sensors to maintain the 
operating temperature but also used as the cavity of the barometric pressure 
sensors to detects the pressure difference. The cavity is sealed with PE-TEOS, 
which has a thin diaphragm (0.5 μm), which increase the sensitivity of the 
barometric sensors and reduces overall size of sensors. Heavily doped poly-Si 
used as the piezo-resistors of the barometric sensors, the FG and the micro-heater 
of the gas sensors at the same time. 
90 
 
To increase the sensitivity of the barometric pressure sensor, we proposed air 
pockets and a new design piezo-resistor. The barometric pressure sensor has a 
sensitivity of 2.47 μV/hPa, and has stably operated even over 100 repeated 
measurements. Also, the temperature and atmospheric pressure of the barometric 
pressure sensor are measured simultaneously, and the accurate air pressure is 
calculated using the MLP neural network. 
The FET-type gas sensors fabricated with the barometric pressure sensor 
have a low-power localized micro-heater. In addition, under the micro-heater, the 
air-gap effectively prevented heat dissipation, thereby maintaining the proper 
temperature for gas detection. The micro-heater can heat up to 124 ºC with a power 
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사물 인터넷 (IoT) 시대를 맞이하여 삶의 질을 개선하기 위한 센서 기술들이 
점차 중요해지고 있다. 특히, 각종 스마트 기기들을 비롯한 자동차 및 가전 
제품에 대한 센서 기술들이 필수적이 되고 있다. 아울러, 다양한 종류의 
센서들의 통합 및 집적 기술이 주목받고 있다. 여러 유형의 센서들을 단일 
기판에서 CMOS 회로와 효율적으로 통합하면 전력 소모를 줄일 수 있으며, 
제조 단가 또한 낮출 수 있다. 다양한 센서기술 중 가스 센서는 유해 가스 
감지뿐만 아니라 실내 공기 질 개선 및 질병 감지에 사용될 것으로 예상된다. 
종래의 저항 형 가스 센서는 구조가 간단하며 제조 공정이 단순하지만 크기가 
크고 전력 소비가 높은 편이다. 한편, FET 형 가스 센서는 매우 작은 크기로 
제작이 가능하며 CMOS 회로와 호환 가능하다. 또한 내장된 마이크로 히터 
(Micro-Heater)를 사용하게 되면 FET 형 가스 센서의 전력 소비를 최소화 
시킬 수 있다. 
본 논문에서는 기압 센서와 Si FET 형 가스 센서를 MOSFET 제조 
공정기술을 사용하여 단일 실리콘 (Silicon) 기판에 효율적으로 집적하였다. 
제작된 기압 센서는 온도 센서를 내장하고 있어서 주변 온도에 따른 대기압을 
정확하게 측정 가능하다. 또한 FET 형 가스 센서는 4 mW의 전력으로 최대 
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124 ˚C까지 가열 할 수 있는 국부화 된 마이크로 히터를 내장하고 있다. 이 
가스 센서로 이산화 질소가스 (NO2)의 농도를 측정하였다. 
 2.5 μm 깊이의 에어 갭 (Air-gap)을 Si 기판에 형성하고 이 에어 갭은 기압 
센서의 공동 (Cavity) 및 FET 형 가스 센서의 절연 층으로 사용하였다. 또한, 
붕소(Boron) 이온을 주입한 다결정 실리콘 (Poly-Si)은 기압 센서 및 온도 
센서의 전극, FET 형 가스 센서의 플로팅 게이트 (Floating-gate), 그리고 
마이크로 히터의 전극으로 동시에 사용하였다. 이러한 방식으로 기압 센서, 
FET 형 가스센서는 CMOS 호환 제조 공정을 사용하여 효율적으로 단일기판에 
집적하였다. 기압 센서는 주변 온도와 대기압을 동시에 측정 할 수 있는 온도 
센서를 내장하고 있으며, 주변 온도에 따른 대기압을 신경망을 통하여 
97.5 %의 정확도로 측정할 수 있다. 
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